Abstract-In this paper, a compact, planar ultrawideband (UWB) monopole microstrip antenna is proposed which offers dual band notch characteristics with enhanced rejection at frequency bands centered at 3.4 GHz and 5.5 GHz. To realize enhanced band notched characteristics at 3.4 GHz, a pair of filters is incorporated which includes an inverted 'L' shaped slot and a twisted 'J' shaped slot in the patch element. Another pair of filters comprises of a spur line filter in the feed line and 'U' shaped slot in the patch are used to get a strong frequency band rejection centered at 5.5 GHz.
INTRODUCTION
The UWB antenna is an important component in the UWB system as it acts as a filter which only passes the desired frequency components designated by the FCC [1] . UWB digital communication systems which uses an extremely wide frequency range are meant for providing radio communication at low power with high bit rates [1] [2] [3] [4] [5] . The performance of the UWB antennas in both time and frequency domain are of equally importance which makes the UWB antenna design a challenging and interesting field of research [6] [7] [8] [9] [10] [11] [12] [13] [14] . An excellent UWB antenna is one which can transmit and receive the frequencies over the bandwidth designated by FCC [1, 2] . The antenna must also possess stable radiation characteristics and gain over the operating UWB band. The antenna's pulse preserving capabilities for the transmission and reception of the ultra-narrow pulse is investigated in the time domain. Two of the most important time domain properties of UWB antenna are fidelity/correlation factor and symmetry/pulse width stretch ratio [15, 16] . The fidelity is defined as maximum normalized cross-correlation of the incident voltage and the electric field in the far field region. The symmetry is a measure of the symmetry of the waveform in the far field region. The other important characteristics are transfer function/impulse response and group delay [17] . Apart from the frequency and time domain characteristics mentioned above, a compact/low profile antenna size is desirable for integration requirement with UWB system.
The UWB antenna design comprise of some other challenges too. Some portions of the UWB bandwidth (which is designated by FCC) are shared by other existing narrowband services also. One of the services is wireless local area network (WLAN) IEEE802.11a and HIPERLAN/2 WLAN operating in 5-6 GHz band. Another service named as Worldwide Interoperability for Microwave Access (WiMAX) which utilizes a frequency band 3.3 GHz-3.6 GHz is used in some European and Asian countries. For some UWB applications which does not require overall compact size of the transmitter or receiver, appropriately designed band pass filters or spatial filter such as a frequency selective surface (FSS) above the antenna can be used to suppress the dispensable bands [18] . However for the UWB systems which demand a compact, less complex and low cost design, frequency band rejection function may be employed in the antenna itself, which includes embedding optimal shaped slot in the radiating patch or in the ground plane. The frequency band notch characteristics can be essentially achieved using one of the two methods [29] . The first group of methods includes adding a perturbation in the surface current flowing in the antennas radiating elements. The second class of methods employs adding a perturbation on the antenna feed line or in the ground plane. Some of the recent examples includes embedding an H shaped slot in radiating patch [19] , arc shaped slot [20] and a pair of inverted L and U shaped slot in radiating element and a square shaped slot in ground plane [21] . A few good examples of UWB antennas may also be found in [22] [23] [24] [25] [26] .
In this paper, a compact, microstrip fed, monopole UWB antenna with dual notched characteristics is presented. This work adds perturbation in the surface current density of the radiating element and the feed element. Initially a reference antenna is designed, which exhibits radiating characteristics in the frequency band 3-11 GHz. By etching an inverted 'L' shaped slot in the radiating patch, a single band frequency notch is created at 3.4 GHz. Enhanced rejection at 3.4 GHz is obtained by carving another tilted 'J' shaped slot from the opposite side of the radiating element. In order to achieve nonradiating characteristics at 5.5 GHz a spur line filter is incorporated in the microstrip feed line. Another 'U' shaped slot is optimally cut from the radiating patch to get enhanced rejection at the same frequency band. Finally, the antenna with all four filtering components is optimized and fabricated, and the characteristics are measured. A good match is observed in the simulated and measured characteristics. The frequency domain analysis only tells about the influence of applied method on the frequency band notch, radiation pattern, gain, etc. However, the time domain analysis is also important to estimate the influence on the pulse preserving properties, stretch ratio, ringing etc. Therefore, the antenna is also analyzed on the basis of the time domain characteristics to investigate its employability in the practical UWB systems. It is found that the antenna exhibits fairly good stretch ratio and correlation factor. Apart from these properties, the proposed antenna exhibits an almost stable omnidirectional radiation pattern and a reasonably good gain over the operating UWB band.
ANTENNA DESIGN
The geometry of the reference antenna is presented in Figure 1 . The antenna is printed on FR-4 substrate of thickness 1.59 mm and a 
Steps at patch bottom Ws1 = 1.5, Ls1 = 1.5, Ws2 = 1, Ls2 = 1 relative dielectric constant (ε r ) of 4.4. The patch having dimension W × L is excited using a 50 Ohm microstrip line. The ground plane is modified to achieve a better impedance matching. The ground plane area is reduced by removing the metal which is present beneath the patch. Also the rectangular slot is optimally cut from the ground plane with the dimension L c × W c to get wide band impedance matching. The details of the parameters of this reference antenna are given in Table 1 . The modification in the reference antenna includes cutting an inverted 'L' shaped slot (referred to as filter-1 in this communication), shown in Figure 3 (a). Another slot of twisted 'J' shape is cut (referred to as filter-2) from the opposite side of the radiating element as shown in Figure 3 (b). These two slots are optimally embedded to attain a frequency notch characteristic centered at 3.4 GHz. The length of the two slots etched in the patch can be deduced as in Equations (1) and (2) . The two slots act as two quarter wave length resonators.
The total length of the inverted "L" shaped slot (L 1 ) is 11.6 mm whereas the total length of the twisted 'J' shaped slot (L 2 ) is 12.2 mm. The width of the two slots and their vertical location on the radiating patch are optimized to get the desired frequency notch (which is 
GHz).
(
where
f notch is the notch frequency, c is the speed of light, ε r is the dielectric constant of substrate. A spur line filter (referred to as filter-3) is added in the microstrip feed line as shown in Figure 3 (c). The spur line filter consists of a coupled pair of quarter wave length (calculated at the notch frequency) long microstrip lines [27] . It consists of an open circuit at the end of one of the coupled lines and with both lines connected together at the other end. The equivalent configuration of spur-line filter comprise of a four port coupled line network as shown in Figure 2 . Out of the four ports, one is terminated in a capacitance which represents the discontinuity capacitance. The length of spur (designated as y 3 in Figure 3 (c)) and the gap (designated as y 3 in Figure 3 (c)) determines the notch frequency (which is 5.5 GHz).
Finally, a 'U' shaped slot is cut (referred to as filter-4) and optimized, as shown in Figure 3 (d) to get an enhanced rejection in the frequency band 5.15-5.85 GHz. The dimensional parameters of all the four filters are given in Table 2 . The fabricated prototype is shown in Figure 4 . The asymmetric microstrip line does not have any Table 2 . Optimized values of all filter's parameters. significant effect on the performance of the reference antenna but plays a very important role, once all the four filters have been embedded. The asymmetric placement of feed line not only gives rise to a fairly good impedance mismatch in the frequency band 5.15-5.85 GHz, but also provides an impedance match at higher frequencies. The position of feed line, which contains spur-line filter too, is optimized. It is also observed that a symmetric feed line gives an impedance mismatch to the entire frequency band of 5-6 GHz.
FREQUENCY DOMAIN RESULTS
The reference antenna (shown in Figure 1 ) is simulated in the frequency band 2-11 GHz to investigate its radiation characteristics. For the simulation, the full wave EM solver CST microwave studio is used [28] , based on the finite integration technique method. The parameters of the reference antenna are optimized to get a VSWR < 2 and stable radiation characteristics throughout the frequency band 3 GHz-10.6 GHz as shown in Figure 5 (c), which fulfills the FCC criterion. The VSWR characteristics after embedding with filter-1 and filter-2 in the reference antenna (individual and their combination) are shown in Figure 5 (a). When the filter-1 is added (though the inverted 'L' shaped slot is cut) to the antenna, it shows an impedance mismatch in the frequency band 3.2 GHz-3.6 GHz as the VSWR > 2 in this band. However, the maximum VSWR is only 3 (which is just sufficient but not good) at the center frequency of the band which is 3.45 GHz. To improve the rejection in this band, filter-2 is added to the antenna. The characteristic of the antenna with added filter-2 alone is also separately investigated. As observed from Figure 5 (a), in this case the antenna exhibits frequency rejection in the frequency band 3.3 GHz-3.7 GHz, with a peak VSWR of 4.1. When filter-1 and filter-2 are simultaneously added to the antenna, the frequency rejection is improved in the WiMAX frequency band by exhibiting a maximum VSWR of 7.4 and with a minimum influence on the remaining band. The VSWR characteristics with added filter-3 alone and filter-4 alone in the reference antenna are shown in Figure 5 (b). When spur line filter (filter-3 which is designed at 5.4 GHz) is added to the reference antenna, it shows a 5.1-5.89 GHz band rejection. To enhance the frequency rejection capability of the reference antenna in this band, another filter ('U' shaped slot) is added to this. The effect of addition of both the filters gives rise to the improvement in the frequency rejection capability of the antenna in the WLAN frequency band, as observed from Figure 5 (b). After adding all the four filters simultaneously to the reference antenna, it shows an enhanced dual band frequency rejection as observed from Figure 5(c) . Comparison of the VSWR characteristics of the simulated results and measured results of the proposed antenna is also shown in Figure 5(c) . A good compromise is observed between the measured and simulated results. A slight upward frequency shift is observed in the frequency band centered at 5.4 GHz in the measured results which can be understood due to the following two reasons. The effect of soldering is not taken into account in the simulation. The loss tangent of the substrate is kept 0.02 during simulation of the antenna which is actually a function of the frequency.
The measured radiation patterns of the proposed antenna in two principle planes are shown in Figure 6 . The E plane pattern (which contains the Y OZ plane) at three operating frequencies of the UWB band are given in Figure 6 (a).
As observed, the pattern is almost stable throughout the UWB band, an important requirement from system design point of view. The H plane pattern (XOZ plane) is shown in Figure 6 mostly omnidirectional throughout the frequency band. The comparison of the gains of the proposed antenna with that of the reference antenna is shown in Figure 7 . As observed, the reference antenna has a gain variation between 2.9 dB and 6 dB in the UWB frequency band. The gain of the proposed antenna almost follows the gain of the reference antennas over the UWB frequency band, except the two notch bands. In the first notch band, the gain dips down by 3.5 dB, while in the second notch band, it dips down by 5.2 dB as compared to the reference antenna with minimum influence on the remaining band.
The surface current distribution analysis of the proposed antenna in the UWB band is shown in Figure 8 at frequencies 3.3 GHz, 4 GHz, 5.5 GHz and 7 GHz. It is observed from Figure 8 (a) that in the first notch band (3.3 GHz-3.6 GHz) the surface current is mainly distributed across the filter-1 and filter-2 as compared with the other parts of the radiator. The effect of the perturbation due to filter-1 and filter-2 is to create a destructive interference between the forward and reverse traveling currents which makes the antenna non-responsive in the WiMAX frequency band. This frequency band can be tuned by changing the dimensions and position of the two filters. It is observed that filter-2 has more influence on the notch frequency than filter-1. As observed from Figure 8 (c), the current is distributed mainly along the spur-line filter and a little bit around the 'U' slot at 5.5 GHz which is the center frequency of the WLAN frequency band. The spur line filter acts as band stop filter whose stop band is the unwanted WLAN frequency band. The dimensions of the spur line filter can be properly controlled to get the frequency rejection characteristics in the desired frequency band. From the current distribution analysis, it is found that the spur-line filter dominates over 'U' slot filter to control the notch characteristics. Apart from the notch frequency bands, at 4 GHz and 7 GHz, which are the radiating frequencies, the surface current flows through the microstrip feed line and radiating element and is not concentrated at any specific filter. Thus it may be concluded that the radiating frequency bands are unaffected by the filters.
The analysis of the transmission for the reference antenna and the proposed antenna between two identical antennas is done. The investigation is done in two orientations: face to face and side by side as shown in Figure 9 . It can be seen from Figure 9 (a) that for face to face orientation (at 3.4 GHz), the value of S 21 goes down to −29 dB which is −11 dB for the reference antenna. Thus a decrease of 18 dB is obtained in the system transfer parameter due to addition of filter-1 and filter-2. Similarly for the same orientation, the system transfer parameter shows an average dip of −20 dB in the WLAN frequency band. In the un-notched frequency band, the system transfer functions for the reference antenna and proposed antenna are almost identical. Similar dips at corresponding notch frequencies are observed in the system transfer function of the proposed antenna for side by side orientation from Figure 9 (b).
PULSE PRESERVING PERFORMANCE OF PROPOSED ANTENNA
The UWB systems are such systems which have a bandwidth requirement greater than 500 MHz. UWB signals are pulse based waveforms compressed in time, instead of sinusoidal waveforms compressed in frequency. Since UWB systems use pulse transmission, it is important to investigate how much the antenna is distorting the pulse. Two time domain parameters, namely correlation factor and stretch ratio, are considered for investigation of the pulse preserving performance of the proposed antenna. The pulse distortion during transmission and reception is mainly caused by the bandwidth mismatch between the UWB antenna and the input source pulse. A UWB signal (the 5th derivative of the Gaussian pulse) is considered [30] [31] [32] , which is a single pulse with the most effective spectrum under the FCC limitation floor [33] .
where C is a constant which can be chosen to comply with peak power spectral density that the FCC suggests, and σ has to be 51 ps to ensure that the shape of the spectrum complies with the FCC spectral mask.
To determine the correlation factor, a channel is considered with the time domain pulse S 1 (t) as input signal (shown in Figure 10 ) and the theta component of the electric field intensity in the far field as the output signal. During CST simulations, the proposed antenna is set to transmit this pulse, and three virtual probes are placed in the far field at θ = 0 • , 45 • and 90 • in order to monitor the theta component of electric field intensity. The corresponding E θ components of electric field intensity (designated as S 2 (t)) as seen by the virtual probes for these three cases are given in Figure 11 . The correlation factor is calculated between S 1 (t) and S 2 (t) to evaluate the pulse preserving capability of the proposed antenna by using Equation (6) .
where τ is delay which is varied to make ρ in (6) a maximum. For the proposed antenna, the correlation factors between the transmitted pulse and received signal are summarized in Table 3 . As observed from Figure 11 and Table 3 , the ringing is the lowest, and correlation factor is maximum for θ = 45 • , ϕ = 90 • as compared with the two other cases. In the received signal, pulse distortion and ringing is observed, which may be due to the finite energy storage effects of the substrate. A detailed study of the energy storage effect of the substrate on the ringing and distortion may be found in [34] .
In the UWB systems, the transmitted pulse broadening is an Figure 12 . Received output from the proposed and reference antennas in receiving mode.
important parameter. If the broadening of the transmitted pulse is minimum, then more pulse train in shorter gap may be transmitted in a given time window resulting in a high rate of data transmission. The effective width of the received pulse may be defined as the width containing a definite percentage of the total energy [35] . For a signal s(t), let the normalized cumulative energy function E s (t) be defined by Equation (7) .
Then after removing the first and last 5% energy portions in the time axis, the pulse width stretch ratio (SR) for 90% energy capture is given by [33] -
To compute the stretch ratio, the transmit-receive antenna system is considered as a two-port network. The input pulse shown in Figure 10 is used to excite the proposed antenna/reference antenna and the same antenna arranged at a distance of 100 mm in receiving mode. The received signals for both the cases are given in Figure 12 . The value of stretch ratio for the reference antenna is 2.6, and that for the proposed antenna is 3.1. For both the antennas, the energy in the received pulse is distributed over the time window and not concentrated around the peak. The higher stretch ratio of the proposed antenna, as compared to the reference antenna, may be due to the addition of four filters in the radiating patch. These filters give rise to a perturbation in the surface current density, which leads to a destructive interference at the notched bands and results in a higher stretch ratio.
CONCLUSION
To minimize the potential interference between the UWB and narrowband systems, such as WiMAX and WLAN, a compact UWB antenna with enhanced dual frequency notch characteristics is proposed and discussed. Out of the four notch filters incorporated in the radiating patch, one pair, i.e., filter-1 and filter-2, provides the band notched characteristics at frequency band centered at 3.4 GHz. The other pair of filters, i.e., filter-3 and filter-4, provides the band notched characteristics at frequency 5.5 GHz. The notched bands can be controlled by adjusting the dimension and position of the slots. The frequency domain and time domain characteristics of the proposed UWB antenna have been discussed. The antenna is fabricated, and the measured results show good agreement with the simulated ones. It was observed that the ringing is difficult to reduce and that the effective pulse width is ∼ 1.5 ns, sufficient for data transmission at 500 Mbps. Although the proposed antenna employs four filters which makes its design complex, but that is the distinctive feature. A combination of three different methods is used: (i) perturbing the surface current density of the patch, (ii) adding spur line filter in the feed line, and (iii) defected ground plane structure. A reasonably good UWB frequency and time domain characteristics are obtained through these methods.
